In this paper, a triband bandpass filter is presented using a dual-layer structure. Three H-shaped resonators are utilized in the proposed structure. The first and third resonators are placed at the top and bottom layers, respectively.
Introduction
Microstrip filters are in high demand in modern communication systems due to their significant features such as compactness, planar structure, and ease of fabrication . Multistandard communication systems require multiband microwave filters. A variety of approaches to designing microstrip triband bandpass filters (BPF) have been proposed [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . Combining three single-band filters in parallel has been presented in [4] . In this approach, each passband can be independently controlled, while the circuit size is not compact enough. Asymmetric stepped-impedance resonators (SIRs) with only one discontinuity can also be used to construct multiband BPFs with the merit of compact circuit size, low loss, and better design feasibility [5] [6] [7] [8] . Creating a transmission zero to split one passband of a dual-band BPF into two has been presented in another approach [9] . This method achieves a controllable isolation between passbands, whereas the transition bands are not sharp. Half-wavelength [10] and quarter-wavelength [11] SIRs have been utilized to design quadband or triband BPFs. The trisection SIRs have been used to design triband filters in [12, 13] . Another type of triband BPFs has been designed using multimode resonators [14] such as stepped-impedance resonators or stub-loaded resonators [15] [16] [17] [18] . Using the higher modes of a dual-mode resonator has been reported in [19] . High performance and compact size triband bandpass filters have been proposed using high-temperature superconducting structure [20] and defected ground structure [21] , respectively.
In this paper, a triband BPF is presented using a simple principle: different dielectric constant results in different resonant frequencies. This hypothesis is tested by using a multilayer configuration. In order to reduce the physical size and increase the isolation between passbands, the surface-coupling structure is modified to coupling between the layers in the proposed dual-layer structure. Using the proposed structure has two important advantages: reduction of physical size (almost 50%) and reduction of designer limitations through access to the two substrates in a single structure. To validate the proposed method, a triband BPF prototype has been designed, fabricated, and measured.
Filter design
The basic structure of the proposed triband bandpass filter and its simulation results are shown in Figures 1a and  1b , respectively. The dimensions of this structure, which is composed of three cascaded H-shaped resonators, are as follows: a = 0.176 mm, b = 2.9 mm, c = 2.37 mm, d = 6.77 mm, e = 0.176 mm, h = 5.17 mm, i = 3 mm, m = 1.17 mm, and n = 0.7 mm. The proposed structure was designed on RT/duroid 5880 with a dielectric constant of 2.2 and a thickness of 0.381 mm. As illustrated in Figure 1b , the resonant frequencies of the basic structure have been centered at 6.38 GHz, 6.88 GHz, and 7.4 GHz. There is no isolation between the passbands; hence, passband control is not possible. Figure 2 shows the circuit model of the basic structure. In this model, L i and C i are inductance and capacitance of input and output ports, respectively. C 1 and C 2 introduce the body capacitance of the vertical lines in the H-shape resonator. C g is the coupling capacitance between vertical lines and L 1 shows the inductance of the horizontal line in the H-shape resonator. Using Eqs.
(1)-(5) and certain optimization [2] , these circuit parameters are calculated as follows: L i = 1 nH, C i = 0.61 pF, L 1 = 3.87 nH, C 1 = 0.12 pF, C 2 = 0.11 pF, and C g = 0.073 pF.
For w/h ≤ 1
For w/h ≥ 1
where the equivalent capacitance and inductance of the resonator parts are introduced by C and L, z c and v p characteristics impedance and phase velocity, respectively, w, l, h, and ε re are line width, line length, substrate thickness, and effective permittivity, respectively, η is a constant equal to 120πΩ, and c represents the light speed. Figure 3 shows the EM and circuit simulation results of the basic structure and its model. As shown in Figure 3 , this result is well matched with the EM simulation results.
To control the passbands and increase the isolation between them, a dual layer structure is used. In this method, the proposed basic structure in Figure 1a is divided into two parts. The first resonator and half of the second resonator remain unchanged on the top layer. The next half of the second resonator and the third resonator are displaced from the top to the bottom layer, while the back of the bottom layer is metalized as the ground plane. The input/output ports are assembled between the top layer/bottom layer and the ground plane. The substrate thickness of the first resonator is double of a single layer and its effective permittivity is 1.7, while the effective permittivity of the third resonator is 2.2. Two parts of the second resonator, which are designed on the top and bottom layers, are connected through a via hole and resonate between the resonant frequencies of the first and third resonators. Figure  4a , the dimensions of the resonators on the bottom layer have been scaled to control the passband frequencies. Input and output lines are designed on both sides of the filter to be connected to 50-Ω SMA. The resonant frequencies of the filter appear at 5.33 GHz, 6.88 GHz, and 8.27 GHz. The first passband is created by the third resonator on the bottom layer due to increasing the scale of the third resonator, while the associated effective dielectric constant remains unchanged and equals 2.2.
The second band is related to the second resonator, whose two parts (on the top and bottom layer) are connected with a via hole. The third band is created by the first resonator on the top layer, where the effective dielectric constant is no longer 2.2, but has changed to 1.7. This smaller effective permittivity shifts the resonant frequency to higher frequencies. Hence, three fully tunable passbands are realized.
To improve passband isolation, two deep transmission zeros have been located at 6.07 GHz and 7.58 GHz with magnitudes of -35 dB and -42 dB, respectively. Two out-of-band transmission zeros at 4.75 GHz and 8.68 GHz have been generated to realize sharp passband skirt performance. The simulation results of the proposed filter in terms of insertion loss, return loss, and sharpness are shown in Table 1 . Total size of the fabricated filter without feed lines is 0.34 λ g × 0.16 λ g , where λ g is the guided wavelength of the first passband. A comparison between the total size of the filters (both in this work and in those reported in the introduction) is shown in Table 2 . Figure 5 shows the pictures of the top layer, bottom layer, and final filter structure. The measurement and simulation results of the filter are shown in Figure 6 . The triband BPF operates at 5.44/6.98/8.36 GHz, with fractional bandwidths of 6.6%/6%/2.9% and measured minimal insertion losses of 1.2/1.7/2 dB. Compared to the simulation result, the measurement result shows a 110-MHz, 100-MHz, and 90-MHz frequency shift for the first, second, and third passbands, respectively. This shift is mainly due to the gap between the two connected layers (top and bottom layer), which is neglected in the simulation. 
Fabrication and measurement

Conclusion
A compact adjustable triband bandpass filter is presented in this paper. In the presented approach, two stacked layers of substrate are used to introduce two different effective permittivities to control the multiple resonant frequencies. In this structure, each band can be independently controlled, which makes the proposed triband filter suitable for multiband wireless communication systems.
